Carbon nanotubes (CNTs) are low-dimensional materials, and their surface therefore affects several properties of CNTs. For example, CNT field effect transistors (CNTFETs) are well known as noisy devices caused by the adhesion of molecules on the surface. However, nonlinear systems sometimes have advantages in working with noise. Therefore, we combined the noise CNTFET and another transistor of CNT for a trial nonlinear system. The sine wave amplification in the transistor with noise was then measured. In this system, the control of noise is required for operation of the device and this might be common for nano-sized devices. We can control the noise properties of CNTFET through the control of the Co nano particles catalyst. Depending on fabrication conditions, the noise of a CNTFET has different noise intensity and gate voltage (Vg) dependence with 1/f type noise. Noise in CNTFETs grown on small Co particles can be controlled within the small |Vg|, and the control range for noise is wide. We studied the modification of nonlinearity using our trial nonlinear system. It was governed by the ratio of the signals and the noise, and shows the robustness of modification.
I. INTRODUCTION
Low-dimensional materials are highly attractive because of their novel properties. Among them, carbon nanotubes (CNTs) [1, 2] are very promising materials for nano structure building blocks and nano devices. Many applications have been proposed such as nano-size transistors, bio sensors, and interconnections in large-scale circuits. Several technologies can be utilized in these applications, such as high-sensitive gas sensors [3] , label-free detection for bio molecules [4, 5] , and n-type field effect transistor (FET) fabrication [6, 7] . The room temperature operation of single electron transistors, which can usually work only at low temperature, can be archived through the use of nanotechnology [8, 9] .
For actual applications, the control of CNT growth through catalyst control seems to be one of the important technologies [10] . The CNT has very specific properties that depend on the rolling properties such as diameter and chirality [11] . Aspect of carbon nanotube field effect transistors (CNTFETs) such as diameter and alignment of channels can also be controlled by the nano fabrication of the catalyst. Cobalt or iron are frequently used catalyst materials for single-walled CNTs (SWCNTs). They can work as catalysts for CNT growth with methane for the forms of SWCNT or their bundles depending on the growth conditions [12] . Carbon complexes of iron or cobalt catalyst during CNT growth have also been studied with electron microscopy to observe the detailed growth mechanism [13, 14] . We can also use thin film or nano * This paper was presented at 10th International Conference on Atomically Controlled Surfaces, Interfaces and Nanostructures (ACSIN-10), Granada Conference Centre, Spain, 21-25 September, 2009 . † Corresponding author: toshi@isc.chubu.ac.jp particles for the catalyst. Nano particles seem to be better in terms of controllability. Co nano particles can also be used as an effective catalyst for SWCNTs and the arc plasma gun (APG) is better for the control of the size of deposited materials [15] . Therefore, we used APG for the control of Co nano particles as catalyst for SWCNTs.
As one of the applications of growth control, we constructed model nonlinear systems using CNTFETs. When the nonlinear systems work with noise, the noise may sometimes have constructive roles depending on the noise conditions, such as those associated with stochastic resonance (SR) [16] . SR was first proposed for ice age periodicity by Nicolis [17] . Under a small change of the solar power irradiating the earth, he proposed that an ice age transition can occur with the help of the environmental noise of the earth. Many SR phenomena have been reported for biological applications [18] such as the small signal detection of crayfish [19] , information gain in ion channels [20] , signal processing in the human brain [21] and so forth.
Artificial devices that have exhibited SR phenomena were also fabricated using CNT [22] or nanowires [23] . For these applications, CNTs or nanowires were used only as transistors with a suitable threshold level, and the noise was applied from outside the systems. However, CNTs were known as noisy devices [24, 25] . Nonlinear devices combined with the noise devices could then be constructed on a single chip. Such a CNTFET nonlinear system seems to be very useful as a model for nano devices. For example, the new working condition for complementary metal oxide semiconductor (CMOS) has recently been studied based on SR phenomena [26] .
There are many discussions regarding the origins of noise in CNTs [27] . However, it is resistive noise and can be controlled by the carrier number [28] carrier number control of CNT channels by the fabrication conditions. Thus, the wide control range of noise intensity through catalyst control is possible for the noise CNTFETs in nonlinear systems.
In this paper, we used Co nano particles as the catalyst for CNT growth, where the nano particle size could be controlled by APG. We studied the size of nano particles, using transmission electron microscopy (TEM) and its dependence on the deposition amounts of Co. The growth of CNTs using these nano particles was also studied and CNTFETs were fabricated. We combined the noise CNTFET and another transistor of CNT for the model nonlinear system. Conventional nonlinear systems which have SR effects are schematically shown in Fig. 1 , where noise comes from the outside. In contrast, the noise in our model nonlinear system can be generated by noise CNTFET, which could be controlled by V g . It would be promising to integrate them on a single chip in the future. For noise CNTFETs, we discuss V g control of the noise intensity depending on the catalyst sizes. The sine wave amplification on the nonlinear CNTFET with noise was then measured.
II. EXPERIMENTAL
We used APG for the growth of Co nano particles which were used as catalysts for SWCNT growth. APG is a co-axial arc evaporation gun, and arc discharge in vacuum can generate the plasma of cathode material that is deposited on the substrate [29, 30] . The deposited material easily forms nano particles. Cathode voltage was 100 V and charging capacitance was 8800 µF. The deposition amount can be controlled by the shot pulse number of APG and is expressed by the equivalent thickness to the film thickness by the same amount. These values can be calibrated by the thick film, where the APG-grown materials also form the thin film whose thickness can be measured with the profilometer. We used two different amounts for the Co catalysts. For sample 1, The equivalent thickness of Co was 4 nm for sample 1 and 0.4 nm for sample 2. We also used electron beam (EB) deposited thin films as a catalyst for sample 3. Using these Co catalysts, the CNTFETs were fabricated with the alcohol CVD, where the deposition temperature was 820
• C and deposition time was 10 min. The backgate-type FET structure was made by conventional lithography on a Si wafer, where the thickness of the SiO 2 layer was 500 nm. Ti(1 nm)/Pd (25 nm) electrodes were used for the drain and source terminals as ohmic contacts. The distance for drain and source electrodes was 2.5 µm and the width of electrodes was 17 µm, where the channel length was slightly longer than this distance depending on the growth direction. We used atomic force microscope (AFM) to observe for the CNTFET channels as shown in Fig. 2 . The channels length was about 3 µm for sample 1 and 4 µm for sample 2. The channels diameter was also measured by AFM as their height, and it was 1.06 ± 0.20 nm for sample 1 and 0.78 ± 0.18 nm for sample 2. We observed Co nano particles on a SiO 2 membrane by TEM. For the TEM samples, a thin substrate of SiO 2 was deposited by EB evaporation on a NaCl crystal followed by Co nano particle deposition. The lift-off samples were used for TEM observations, where the thickness of a substrate was optimized depending on the deposition conditions of catalysts. High-resolution TEM images were obtained with an acceleration voltage of 300 kV.
FET properties of CNTFETs were measured by the semiconductor device analyzer B1500 (Agilent Technologies). Current-voltage (IV ) characteristics were measured from −1 V to 1 V of V DS with V g scanned from −5 V to 5 V with a step of 1 V. V g dependence of I DS was also measured. Noise power spectral density (PSD) was calculated from the time dependence of I DS with constant V DS and V g , where the fast Fourier transform (FFT) analysis with the Bartlett windows function was used. For measurements of V g dependence of noise intensity, we scanned V g between −5 V and −0.5 V.
We used a combination of two CNTFETs for the model nonlinear systems. One is the noise CNTFET that is sample 1 or sample 2, which can generate noise. Another is the nonlinear CNTFET of sample 3, where the sum of the noise and sine waves was fed into V g and output I DS was used for the nonlinear response estimation. The detailed conditions of input signals are presented in the next section. Sample 3 has a large I DS and then it seems to fit for the nonlinear CNTFET. For the nonlinear response estimation, we used the PSD of I DS of the nonlinear CNTFET, where averaged data taken over 4 times under the same conditions were used for the statistical analysis. PSD was also calculated from the time dependence of I DS by FFT.
III. RESULTS AND DISCUSSION
At first, we will discuss the TEM images of Co nano particles on a SiO 2 membrane. In Fig. 3 (a) , Co nano particles for sample 1 are shown and large nano particles can be seen with sizes between 4 nm and 6 nm. In Comparison, Fig. 3 (b) shows no large particles and their sizes range from 3 nm to 4 nm. These nano particles correspond to the catalyst for sample 2. Thus, we can control Co nano particle size by the deposition amount. On the SiO 2 substrate for the devices, smaller nano particles could be deposited because of the strong interaction with the substrate. These Co nano particles effectively work as a catalyst, and many CNTs could be grown on the smaller nano particles with the same conditions of sample 2, when CNTs were grown on a Si wafer to check the growth condition. The suitable size of Co nano particles, of course, can act as the catalyst for CNT growth and the smaller size of particles seems to be better for our systems.
Next, we investigate the IV characteristics for noise CNTFETs in Fig. 4 . Figure 4 (a) is for sample 1 and the current should be suppressed at the larger V g because of p-type carriers. In Fig. 4 (b) , the IV characteristics for sample 2 are plotted. In Comparison with sample 1, the current of sample 2 becomes small at the same V g of sample 1, where conductances at V g = −5 V are 1.2×10
−7 S for sample 1 and 6.8×10 −8 S for sample 2. As shown in Fig. 5 , V g -I DS curves also support the small conductance for sample 2. Conductances at V g = −5 V for several CNTFETs on the same substrate are listed in Table I . The tendency of small conductance could be seen for the CNTFETs with small amount of Co as sample 2. The difference in the channel length is about 25%, then one of the contributions on conductance difference seems to be the diameter difference of channels. It could be also caused by defects in channels or contact resistance on electrodes. The asymmetric IV characteristics could be caused by an interfacial potential between electrodes and a CNT with the degradation of electrodes, as oxidization of Ti buffer layers could asymmetrically degrade drain and/or source electrodes. However, these electrode problems might affect V g dependence of noise intensity only at larger V g .
CNTFETs have large noise of a 1/f type. The PSD with constant V g of CNTFET is plotted in Fig. 6 (a) for sample 1. Sample 2 also has a 1/f type noise. The noise in CNTFET can be controlled by the carrier number, and its intensity should then depend on V g . Therefore, we plotted the V g dependence of the noise intensity, where the PSD at 5 Hz is plotted as shown in Figs. 6 (b) and (c) for sample 1 and sample 2, respectively. Several FETs on the same chip have similar noise intensity and we selected one and −5 V because of the contact noise at the electrode. Nevertheless, V g dependence is almost the same as that of sample 1 between V g =−2 V and −5 V. On the other hand, at the small |V g | below |2| V, the change of noise intensity on sample 2 by V g is larger than that on sample 1. This means that total carrier number in the CNT channel is small. Therefore, a small Co catalyst could generate small diameter CNTs and/or defective ones. It is possible that defects hardly affect the electric properties of a smaller-diameter CNT because of the large ratio of defective area to small surface area. In these cases, resistance of channels might be large. We are now trying noise spectroscopy for further investigation. On the other hand, the V g dependence indicates that sample 2 seems to be better for noise devices that have controllability with the wide range. Finally, we show the effects of these noises on the nonlinear properties of CNTFETs. We construct model nonlinear systems to combine two CNTFETs of noise CNT-FET and nonlinear CNTFET as shown in Fig. 1 . The noise signals from the noise FET were added on the sine waves using the function generator, and were fed into sample 3. The averaged signal level was set just above the sub-threshold voltage of nonlinearity on sample 3. Here we set the averaged values of input signals to 0.8 V. The noise intensity is expressed by the normalized noise intensity, where unity expresses the noise intensity of 1.1 V as the peak-to-peak voltage on V g in relation to the time dependence.
The nonlinear response is estimated by the correlation between the input and output signals on the nonlinear system. There are several methods for the estimation such as FFT analysis for the output signals [16] , cross correlation between input and output signals [31, 32] , and information entropy for the output signals [33, 34] . For aperiodic signals, cross correlation is better, and information analysis fits for very noisy signals [35] . However, we used large input signals above sub-threshold levels because we would like to observe the modification of nonlinearity [36, 37] for our model systems. Additionally, we used periodic signals for the trial input signals for simplicity. Therefore, we used PSD of output I DS as the estimation for the nonlinear response. The peak intensity of the output signals at 5 Hz that is the input frequency is calculated as the difference between the PSD at 5 Hz and the background intensity estimated by the linear interpolation.
These peak intensities are plotted in Figs. 7 (a) and (b) as a function of the normalized noise intensity for sample 1 and sample 2, respectively. In both noise dependencies, the enhancement of the output signals in comparison to the small noise case can be clearly observed. The noise therefore has a constructive role in these model systems. The optimum noise intensity is almost the same for the two systems. Thus, the SR effects can be robustly observed and both noise CNTFETs can be used as noise sources. Therefore, the wider control range for the noise intensity of sample 2 is better as a noise generator for nonlinear systems working with noise.
IV. CONCLUSION
We have constructed model nonlinear systems using CNTFETs, which seem to be useful as model systems for nano devices. Nano devices should work with noise, and then the constructive roles of noise such as SR are effective for their operation. Therefore, we tried to control the noise from CNTFETs by controlling both V g and the diameters of CNTs. The size of Co nano particles can be controlled by the deposition amounts using APG. Small amounts of Co catalyst reduce the current of the CNT-FET, which could be caused by the small diameter and/or defective CNT channel, including the large contact resistance on the electrodes. This CNTFET has large noise with small carrier number and the controllability by V g is better, where noise intensity is modified in a wide range by the narrow V g range. We observed the robustness of the noise enhancements of the response in nonlinear systems. Thus we succeeded in producing controllable model nonlinear systems using CNTFETs.
Further control of CNT devices can achieve V g control of noise enhancements in a single chip. A more robust SR will also be possible in the near future using the parallel configuration with large current capacity.
